US008358994B2
a2 United States Patent (10) Patent No.: US 8,358,994 B2
Li 45) Date of Patent: Jan. 22, 2013
(54) MITIGATING RADIO RECEIVER 6,173,166 B1* 1/2001 Whitecar .......ccccoouun.... 455/296
MUILTIPATH NOISE 6,233,443 B1* 5/2001 Brommer ...................... 455/296
6,295,324 B1* 9/2001 Whikehart .................... 375/308
. : 6,577,851 B1* 6/2003 FEcklundetal. ............... 455/223
(75) Inventor: Junsong Li, Austin, TX (US) 6.744.829 Bl 6/2004 Mohindra
6,925,114 B2* 82005 Altizeretal. ................ 375/227
(73) Assignee: Silicon Laboratories Inc., Austin, TX 6,944,301 B1* 9/2005 Nohrdenetal. ................ 381/13
(US) 6,959,016 Bl 10/2005 Keeth et al.
7,158,586 B2 1/2007 Husted
(*) Notice:  Subject to any disclaimer, the term of this 7,343,145 B2 : 32008 Gamou ........cocooeeennns 455/226.1
. ded or adiusted under 35 7,440,737 B2 10/2008 Su. ................................. 455/223
patent 1s extende ] 7.715,567 B2* 5/2010 Wildhagen .........cc.......... 381/13
U.S.C. 154(b) by 509 days. 7,982,683 B2* 7/2011 Peylaetal. ............... 343/860
8,099,073 B1* 1/2012 Mulleretal. ................. 455/296
(21) App]_ No.: 12/623,641 2004/0043730 A1* 3/2004 Schill etal. ................... 455/130
2004/0203551 A1™ 10/2004 Taetal. ..cooooeveviviennnnnn.. 455/296
(22) Flled NOV 23 2009 2005/0003772 Al * 1/2005 Nemoto .ooovvvveiiieiinnnn, 455/130
. . 23,
(Continued)
(65) Prior Publication Data
OTHER PUBLICATIONS

US 2011/0044414 Al Feb. 24, 2011
Keng LLeong Fong, et al., “High-Frequency Nonlinearity Analysis of

Related U.S. Application Data Common-Emitter and Differential-Pair Transconductance Stages,”
(60) Provisional application No. 61/235,195, filed on Aug. IEEE Journal of Solid State Circuits, vol. 33, No. 4, pp. 548-555. Apr.
19, 20009, 1998.
(51) Int. CL (Continued)
gzjgj/g/g 0 888283 Primary Examiner — Simon Nguyen
(52) US.CL ... 455/296; 455/3.06; 455/225;, 455/303; (74) Attorney, Agent, or Firm — lrop, Pruner & Hu, P.C.
455/309; 455/312 (57) ABSTRACT
(58) Field of Classification Search ................. 455/63.1,

455/67.13, 222-225.226.1, 226.3, 296, 303, In one embodiment, a method for processing radio frequency
455/309, 3.02, 3.06, 135, 183.2, 312, 334, signals includes estimating an average value of a demodu-
455/337 lated signal and a noise signal, both obtained from a radio

See application file for complete search history. frequency signal, estimating a noise tloor based on the noise
signal, generating a blend control signal based on the average
(56) References Cited values and the noise floor, and blending at least two path
signals based on the blend control signal to obtain a blended
U.S. PATENT DOCUMENTS signal. This blended signal may be output for further process-
4345241 A 2/19082 Takeuchi et al. ing when multipath noise 1s detected.
5,068,806 A * 11/1991 Short .....coooovviviiiiiiiinnnn, 381/13
5,410,751 A * 4/1995 Yokoyama .................... 455/212 19 Claims, 8 Drawing Sheets
100~ 120
1/ L 2
Q 1?? 11\0 15 =58 DEMOD RDS BIT-STREAM
CHANNEL 125
T e o) DEMOD PILOT PLL 10 -
130 —135a ) )
FIR-BW-CTRL %
ULTRASONIC Pat voten || IMPULSE
NOISE BLANKER
o FILTER
135b
155 160 165 g 179 185 190 195 N
DC l DE HI E € I BLSESJF[.T. / STEREO
CUT EMP CUT S MUTE DECODE VOL-CTRL
ASRC >
RICUT-CTRL BLEND / 198 =S
180 > | SOFTMUTE-CTRL ASRC-CTRL
\ LPF (X
SIG (LPR)
FILTERED MU@:QE‘TH 170 - 0%
SIGNAL LRI mimigaTion
CONTROL | o
UR———1 Loalc




US 8,358,994 B2
Page 2

U.S. PATENT DOCUMENTS

2005/0135521 Al 6/2005 Nemer et al.
2005/0243949 Al 11/2005 Khoini-Poorfard

2006/0019601 Al* 1/2006 Kroegeretal. .............. 455/3.06

2009/0203344 Al* 8/2009 Hanawaltetal. ............. 455/311

2010/0027719 Al* 2/2010 Pahwa .........ccoooveeernnenn, 375/340
OTHER PUBLICATIONS

Keng LLeong Fong, etal., “A Class AB Monolithic Mixer for 900 MHz
Applications,” IEEE Journal of Solid Stae Circuits, pp. 1166-1172,
Aug, 1997,

Keng Leong Fong, et al., “2.4 Monolithic Mixer for Wireless LAN

Applications,” IEEE Custom Integrated Circuits Conference, pp.
9.41-9.4.4, May 1997.

Stefaan Van Gerven, et al., “Signal Separation by Symmetric Adap-
tive Decorrelation: Stability, Convergence, and Uniqueness,” IEEE

Transactions on Signal Processing, vol. 43, No. 7, Jul. 1995, pp.
1602-1612.

Fred Harris, “Digitial Filter Equalization of Analog Gain and Phase

Mismatch 1n I-Q Recervers,” 1996, pp. 793-796.
Stefaan Van Gerven, et al., “On The Use Of Decorrelation in Scalar
Signal Separation,” IEEE, 1994, pp. 57-60.

Mikko Valkama, et al., “Advanced Methods for I'QQ Imbalance Com-

pensation in Communication Recervers,” IEEE Transactions on Sig-
nal Processing, vol. 49, No. 10, Oct. 2001, pp. 2335-2344.

Supisa Lerstaveesin, et al., “A Complex Image Rejection Circuit
With Sign Detection Only,” IEEE Journal of Solid-State Circuits, vol.
41, No. 12, Dec. 20006, pp. 2693-2702.

U.S. Appl. No. 12/493,738, filed Jun. 29, 2009, entitled, “Providing
Image Rejection Calibration For a Recerver,” by John Khoury, et al.
U.S. Appl. No. 12/317,786, filed Dec. 30, 2008, entitled, “Control-
lable Image Cancellation in a Radio Recerver,” by Junsong L.

* cited by examiner



US 8,358,994 B2

Sheet 1 of 8

Jan. 22, 2013

U.S. Patent

1419045V
2dSY

57|
T1dLO—10A

ovd

3901 -
1 94 | 704INOD N1
NOLLYOILIN [~ 1nm s
ASION RENEIRIE
HLYALLTNA = Bl
T419-1LNNLIOS 081
/ ONT8
- diN3 12
1 0
09T GGT
YNV mw&_n_ 3SION
ISTNAII = DINOSYYLTN el

0S1 YEIRIE
Tid LO7TId z24 (= conaa K= Ny K—
GIT
NVIULS-11d Sad dONAG SCe OtL 0L 5/
021 R—001



¢ Il
0

9¢

US 8,358,994 B2

69¢

11NJdID

UNOJ4S
d3T1041INOD
NOILVOILIN
1SION

Sheet 2 of 8

u)
(U)SW

Jan. 22, 2013

d0553004d
044415

U.S. Patent

(U)S

q0vc

20) 744

GEC

G¢c

0t¢

A 4dH
H1vdILINN | (Wswin LINOYID ! 4dH
1S414
S

GI¢

QoW3Ia K —

01¢



US 8,358,994 B2

(U)SLLIS

Sheet 3 of 8

(U)SLLLIN

Jan. 22, 2013

U.S. Patent




U.S. Patent Jan. 22,2013 Sheet 4 of 8 US 8,358,994 B2

.
-
——
. -
-
O
——
)

266

THRESHOLD-1

205

2623

261




US 8,358,994 B2

69¢
212

3 MILINIT
S LN XYIA 7000
S
z ENR N HITI0OHMINOD NOILVOILIN

-0.L-gp ISION  HLYILTNIA (0)Stn
S L2
?u _ L1 SLUJ
= LN XYIN SIS

o e~ TOHSIMHL Z-QTOHSTHHL

U.S. Patent



U.S. Patent Jan. 22, 2013 Sheet 6 of 8 US 8,358,994 B2

30

Receive Demeodulated Signal, Filtered

Demcdulated Signal And Noise Signal
310

Estimate RMS Values Of Demodulated
Signal And Noise signal

320

Estimate Noise Floor

Based On Noise Signal
330

Generate Blend Control Signal Based On

RMS Values And Noise Floor

340

Blend First Path Signal And Second Path
Signal Based On Blend Control Signal
320

Output Blended Signal
For Further Processing

360




US 8,358,994 B2

Sheet 7 of 8

Jan. 22, 2013

U.S. Patent

. 9Ol
0L
N\
10552001 JOJe|n
leufiQ -POWA(]
0819]% pud |
mm_m./ 1U0J . o
jeubiq 09%
Yied |eubis [eybig
Ol dH (3°7m)uis
_ - %
q05t a5t 4ot q5E7 q0c¥
BOCY
- . N
| lenbi odv A | vod H "6
B0GY BGir e0b BGEY
yied eieq Bojeuy
(1°7mM)s0o

O 1eubig

| iIeNBIg

Ott

VN

Qv

v



US 8,358,994 B2

744

Sheet 8 of 8

Jan. 22, 2013

805

U.S. Patent

€9

veY 2ec

8 Yl

Sd
0cS

2GS 9

101 —<JHP)f~—~<f~ova

DN E=
05G

9¢4

45
SO
1

065
o
—
¢85

08S

.1!@_%



US 8,358,994 B2

1

MITIGATING RADIO RECEIVER
MULTIPATH NOISE

This application claims priornity to U.S. Provisional Patent
Application No. 61/235,195 filed on Aug. 19, 2009 in the
name of Junsong L1 entitled FM RECEIVER MULTIPATH
NOISE MITIGATION SCHEME.

BACKGROUND

A known impairment in radio recervers 1s multipath noise.
Such noise 1s present where an antenna of the receiver
receives a desired channel from multiple paths, e.g., as
reflected off of buildings, other structures or geographical
features. This noise may manifest itself as audio clicking or
popping, or by causing a disruption of the signal.

One technique for mitigating multipath noise 1s to perform
a hard mute, 1n which the radio output 1s silenced when the
noise 1s detected. However problems with the hard mute
include volume changes that may occur and/or 1f the mute 1s
too long, an audible mute can occur.

SUMMARY OF THE INVENTION

According to one aspect, the present invention 1s directed
to a digital signal processor (DSP) to recerve a digitized signal
representative of an mcoming radio frequency (RF) signal
and demodulate the digitized signal to provide a digital audio
output. In one implementation, the DSP has parallel paths
including a first path with a high cut circuit to filter the
demodulated signal and a second path having a low pass filter
(LPF) to filter the demodulated signal. A controller, e.g., of
the DSP may control blending of the high cut circuit output
and the LPF output when multipath noise 1s present in the RF
signal. The controller may process the demodulated signal, a
filtered version of the demodulated signal, and a noise signal
to generate a blend control signal that controls the blending.

Another aspect 1s directed to a method for estimating a
RMS value of a demodulated signal and a noise signal, both
obtained from a RF signal, estimating a noise floor based on
the noise signal, generatmg a blend control signal based on
the RMS values and the noise floor, and blending at least two
path signals based on the blend control signal to obtain a
blended signal. This blended signal may be output for further
processing when multipath noise 1s detected, while 1n the
absence of such noise, no blending occurs and the output 1s
the first path signal.

A still further aspect 1s directed to a system that includes an
antenna to receive a RF signal and a radio recerver coupled to
the antenna to receive and process the RF signal to output an
audio signal. The receiver, which may be a single chip semi-
conductor die 1n some implementations, may include an ana-
log front end to receirve and downconvert the RF signal to a
baseband signal and an analog-to-digital converter to convert
the baseband signal to a digitized signal. In turn a DSP which
may be configured on the same die to demodulate the digi-
tized signal and provide a digital audio output may have
parallel paths. These paths may include a first path to filter the
demodulated signal with a variable bandwidth and a second
path to filter the demodulated signal with a fixed bandwidth.
In addition, a controller can be coupled to the parallel paths to
control blending of the first and second paths when multipath
noise 1s present in the RF signal.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a block diagram of a portion of a digital signal
processor in accordance with one embodiment of the present
invention.
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FIG. 2 1s a block diagram of a multipath noise mitigation
control logic in accordance with an embodiment of the

present 1nvention.

FIG. 3 1s a block diagram of an RMS estimator in accor-
dance with one embodiment of the present invention.

FIG. 4 1s a block diagram of a noise floor estimator in
accordance with one embodiment of the present invention.

FIG. 5 1s a block diagram of a multipath noise mitigation
controller in accordance with one embodiment of the present
invention.

FIG. 6 1s a flow diagram of a method 1n accordance with
one embodiment of the present invention.

FIG. 7 1s a block diagram of a receiver 1n accordance with
one embodiment of the present invention.

FIG. 8 1s a block diagram of a multi-band recerver system
in accordance with an embodiment of the present invention.

DETAILED DESCRIPTION

Embodiments may provide techniques for reducing or
removing multipath noise present 1n a received radio fre-
quency (RF) signal. Such multipath noise may be present
when a radio receiver recerves a desired channel from mul-
tiple sources such as due to echoing of signals. In the presence
of such interfering signals, various signal degradations can
occur, leading to audible mterference which may be i the
form of dropouts, popping, clicking or other audio 1impair-
ments. As will be described below, embodiments may imple-
ment a transition blending techmique to blend processed sig-
nals of parallel paths when multipath noise 1s detected. By
blending signals from these multiple paths, an improved sig-
nal output can be realized, without suifering from audio drop-
outs or other impairments, while avoiding the need to perform
a hard mute.

Referring now to FIG. 1, shown 1s a block diagram of a
portion of a digital signal processor in accordance with one
embodiment of the present invention. As shown 1n FIG. 1,
DSP 100 may be part of a single die semiconductor device
including both analog and digital circuitry. As an example, a
complementary metal oxide semiconductor (CMOS) die can
be a mixed-signal device to handle receipt and processing of
incoming RF signals. In different implementations, the
receiver may be a multi-band receiver such as an amplitude
modulation (AM)/frequency modulation (FM)/weatherband
(WB) recerver, although the scope of the present invention 1s
not limited 1n this regard. Note that the full receiver signal
processing path 1s not shown for ease of 1llustration 1n FIG. 1.
Instead, FIG. 1 1s directed only to the DSP portion of the
receiver, as techniques i accordance with an embodiment of
the present invention may be performed wholly within a DSP
or other programmable logic. An analog front end including
various filtering, mixing, signal processing and analog-to-
digital conversion circuitry may be present to receive and
process an RF signal before providing it to the DSP. Whilenot
shown for ease of 1llustration, also understand that the DSP
may be part of a multi-function device including both receive
and transmit capabilities. In addition, the recerver may
include a storage such as a non-volatile storage including
software, firmware, or combinations thereotf to enable the
DSP or other circuitry to operate in AM/FM/WB modes, and
may further enable transmission as well as reception opera-
tions.

Referring now to FIG. 1, the DSP signal processing path
may recerve mcoming I and Q signals at a relatively high
sampling rate (e.g., at 372 kilosamples per second (KS/s)).
These incoming signals may be filtered 1n a channel filter 105,
which may be a finite impulse response (FIR) filter having a
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controllable bandwidth. The filtered signals may be provided
to a demodulator 110. The embodiment of FIG. 1 1s explained
relative to an FM demodulator and thus operates on FM
signals, although embodiments may implement multipath
noise mitigation for other bands as well. The FM demodu-
lated signals are provided to a decimator, which may reduce
the sampling rate to a lower rate. In the embodiment shown, a
decimation by two may be performed to realize sampled
signals at a lower rate of 186 KS/s. As seen, the signal path
may be provided to a radio data system (RDS) demodulator
120 to obtain an RDS bit stream. In addition, the signal path
may be provided to a pilot phase lock loop (PLL) 125 which
generates a 38 kHz carrier that 1s provided to a mixer 130. In
addition, the demodulated signal may be filtered (not shown
in FIG. 1) to obtain an ultrasonic noise signal, which as will be
discussed further below may be provided to multipath noise
mitigation circuitry, in addition to an impulse blanker 150. In
one embodiment, the noise signal may be obtained via a
filtering operation on the demodulated signal, such as via a
high pass filter or a bandpass filter.

Still referring to FIG. 1, the main signal processing path
may generate complementary signals, including a first signal
that 1s provided to mixer 130 for downmixing with the carrier
signal from pilot PLL 1235. In one embodiment, this first
signal may be a left minus right channel signal (L-R). A
second signal may be a left and right channel signal (LPR)
that 1s directly provided to a decimator 135, , which may again
reduce the sampling rate. Decimators 135 may reduce the
sampling rate to approximately 46.5 kilosamples per second.
In turn, the decimated signals are provided to a pilot notch
filter 140 which performs notch filtering on the signals, which
are then provided to an impulse blanker 150 that performs
impulse blanking. The ultrasonic noise signal can be used 1n
blanker 150 to extract impulse-type noise and control the
blanking action of the impulse noise.

The processed signals may then be provided to a DC cutter
155 and then a de-emphasis block 160. The DC cutter 1s used
to remove DC oflset due to carrier frequency error, while the
de-emphasis block 1s used to compensate for a pre-emphasis
filter used at the transmitter. In turn, the signals may be
provided to parallel paths, namely a first path including a high
cut block 165 and a second path including a low pass filter
(LPF) block 170. In one embodiment, high cut block 165 may
be used to reject high frequencies in the audio signal, with a
variable bandwidth LPF pair. In one embodiment, LPF 170
may be a fixed bandwidth, e.g., 1.5 kHz to 4 kHz, low pass
filter. The RF signal strength may be used to control the
high-cut filter bandwidth. The outputs of these two paths may
be combined or blended to implement multipath noise mati-
gation 1 accordance with an embodiment of the present
invention. The two paths may be combined 1n a summer 175.
Note that the blending or combination of these two paths may
be based on a control signal from a control logic 180, details
of which will be discussed further below. This blending or
switching of the second path into the main or first path may
occur at a relatively fast rate to handle a multipath noise event.

The blended signals may be provided to a further blending/
soit mute block 185 When the RF signal 1s weak, block 185
may generally act to attenuate the L-R path signal to mini-
mize the noise effect, before the L-R signal 1s combined with
the LPR signal. In addition, soft-mute also can be used to
maintain a constant noise level, under weak signal conditions.
The output of this block may be provided to a stereo decoder
190, the stereo outputs of which may be interpolated 1n an
interpolator 195 to increase the sample rate. The resulting
signals, which may be volume controlled 1n a mixer 196, may
then be output for conversion back to analog signals for audio
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output. In addition, these signals may be provided through an
asynchronous sampling rate converter (ASRC) 198 to convert
one sampling rate digital audio to another one with a different
sampling rate and provided via a serial bus such as an I°S bus.
While shown with this particular implementation in the
embodiment of FIG. 1, understand the scope of the present
invention 1s not limited 1n this regard.

As further seen 1n FI1G. 1, control logic 180 receives several
different mnput signals, namely the left plus right signal, a
filtered version of the left plus right signal (which may be high
pass liltered as discussed further below) and the ultrasonic
noise signal. Based on this information, control logic 180
may generate a blending signal, o, which may be used to
blend the outputs of LPF 170 and high cut block 165. Note
that 1n the absence of multipath interference, the control
signal may be set at a value such that no blending occurs and
the output of high cut block 165 1s provided for further pro-
cessing, without any blending from the output of LPF 170.
When such interference 1s detected however, the signal to be
provided for further processing may be a blend or combina-
tion of the outputs from high cut block 165 and LPF 170.

Referring now to FIG. 2 shown 1s a block diagram of a
multipath mitigation control logic 1 accordance with an
embodiment of the present invention. As shown 1n FIG. 2,
signal path 200 includes a demodulator 210 that receives and
demodulates incoming I and Q signals. The demodulated
output may be provided to a stereo processor 220, which may
correspond to a significant portion of the signal processing
path shown 1n FIG. 1. In addition, the demodulated signal 1s
provided to a LPF 225 and a multiplexer 230. In addition a
high pass filtered version of the demodulator output via a high
pass filter (HPF) 215 1s also provided to multiplexer 230.
Based upon control of multiplexer 230 one of these two
signals may be provided to another HPF 235. In one embodi-
ment, multiplexer 230 may be controlled such that it the
incoming signal strength 1s relatively large, the unfiltered
demodulated signal output from demodulator 210 may be
provided to HPF 235. In one embodiment, HPF 215 may have
a high-pass corner frequency of about 100 kHz, while HPF
235 may have an equivalent high-pass corner frequency of 10
kHz. Usually, under weak signal conditions, HPF 215 output
may have too much noise to be useful. In this case, HPF 235
1s used to provide high frequency noise estimation.

Both signal paths may be decimated in a corresponding,
decimator 240, which may provide for controllable decima-
tion. In some embodiments, the decimation may be by 4 or 8,
although the scope of the present invention 1s not limited 1n
this regard. As seen, the top path in FIG. 2 corresponds to a
signal path (S(n)), while the lower signal path corresponds to
a noise signal path (U(n)). However, in the presence of a weak
signal strength, the signal may be high pass filtered in HPF
2335 and that filtered output may be selected. In such 1mple-
mentations, the HPF may thus provide a bandwidth of
approximately 10 kHz through the filter.

Still referring to FIG. 2, the signal and noise paths may be
provided to a first circuit 250, which may perform RMS
estimation as well as to implement a fast attack/slow decay
control scheme. Note that the noise path may further be
provided to a second circuit 255 which may perform an RMS
estimation of the noise tloor. The outputs of these circuitries
may be provided to a multipath noise controller 260, opera-
tion of which will be discussed below. As seen, the output of
controller 260 may be a control signal that 1s used to perform
blending of parallel paths of the main data processing path.
Specifically, stereo processed signals of the main data path
may be provided to a multiplier 280, where they are multi-
plied with a control signal namely the value ¢, while filtered
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signals of the main signal path output by LPFs 270 may be
multiplied 1n a multiplier 275 with a second control signal
(e.g., corresponding to 1-a). The outputs of the two multi-
pliers may be summed 1n a summer 290, which combines the
two paths to provide a multipath noise mitigated signal,
which can be provided to interpolator 295. While shown with
this particular implementation in the embodiment of FIG. 2,
the scope of the present invention 1s not limited 1n this regard.

Referring now to FIG. 3, shown 1s a block diagram of
details of an RMS estimator in accordance with one embodi-
ment of the present invention. In general, estimator 250 per-
forms a filtering function on the two signal paths. The filtering
function may be realized by a combination of multipliers,
coellicients, summers, and delay elements. As shown in FIG.
3, estimator 250 may correspond to first circuit 250 of FIG. 2.
As seen, estimator 250 1s coupled to receive the incoming,
signal path signal and the noise path signal. Each signal may
have an absolute value of 1ts instantaneous value determined
in an absolute value function 251. In turn, the corresponding
absolute value signals may be provided to each of a pair of
multipliers 252, which operate to multiply the absolute value
by a selected coetlicient. The selection of a coetlicient may be
made by a multiplexer 254, which 1s controlled via an output
of acomparator 253. In one embodiment, the coellicients may
be stored 1n a non-volatile storage of the DSP. Comparator
2353 operates to compare the instantaneous noise signal output
from the absolute value function 251 with an RMS value of
the noise signal.

Still referring to FIG. 3, the output of multipliers 252 may
be summed 1n a corresponding summer 256 with a feedback
value that 1s provided from a delay element 257. As seen, the
value from this delay element may itself be multiplied 1n a
corresponding one of a second pair of multipliers 258 with a
given coelficient output by a multiplexer 255, which again 1s
controlled by the comparator output. In the embodiment
shown in FI1G. 3, the filter bandwidth may be dependent on the

comparison between the instantaneous noise value and the
RMS noise value. When the instantaneous noise value 1s less
than the average noise value, the multiplexers may be selected
to select coellicients A1 and B1, which provide a relatively
slow bandwidth (3 dB bandwidth) of around 100 Hz. In
contrast, when the instantancous value 1s greater than the
RMS noise value, the multiplexers may select coetficients B2

and A2, which may have a relatively higher bandwidth (3 dB
bandwidth), e.g., of around 500 Hz. Table 1 below shows an

example of pseudo code implemented 1n estimator 2350 1n
accordance with an embodiment of the present invention.

TABLE 1

If abs (U(n)) < Urms(n)
select LPF (bl, al);
else
select LPF (b2, a2);
end

L1l

Referring now to FIG. 4, shown 1s a block diagram of a
noise floor estimator 1n accordance with one embodiment of
the present invention. As shown 1n FIG. 4, estimator 260 may
correspond to second circuit 260 of F1G. 2. As seen, estimator
260 1s coupled to recerve the incoming noise signal, U(n), and
calculate the absolute value of this instantaneous signal 1n an
absolute value function 261. As seen, the instantaneous value
may be provided to two different multipliers, namely a first
multiplier 262 and a second multiplier 263. Multiplier 263
may multiply the istantaneous noise value with a threshold
(threshold —1), the output of which 1s provided to a compara-
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tor 264, which acts to compare this thresholded instantaneous
value with the noise tloor value U, ,,»(1n). In one embodi-
ment, the threshold value may be a predetermined percentage
ol the instantaneous noise value. As one example, the thresh-
old may be set to be between approximately 10% and 30% of
the 1instantaneous noise value. Based on the comparison, one
of a different set of coellicients may be provided to perform
the filtering implemented in estimator 260. As seen, a first
multiplexer 265 and a second multiplexer 266 may provide
outputs to the two different signal path multipliers 262q and
262b. As seen, the output of multiplier 262q may be summed
in a summer 267 with a feedback value that 1s provided from
a delay element 268 through multiplier 2625 to thus generate
the noise floor value U ., ,,»(1). Inthe embodiment o1 FIG. 4,
when the comparison of the instantaneous thresholded value
1s greater than the tloor value, a first set of coetficients (A4 and
B4) may be selected to provide a lower (3 dB) bandwidth,
e.g., ol approximately 50 Hz, while when the thresholded
value 1s less than the floor value, a relatively higher (3 dB)
bandwidth, e.g., of around 150 Hz may be selected via coet-
ficients A3 and B3. In this way, the noise floor value fluctuates
slowly such that 1f there 1s a larger instantaneous change, it
does not atiect the noise floor value. Table 2 below shows an
example of pseudo code implemented 1n estimator 260 1n
accordance with an embodiment of the present invention.

TABLE 2

if abs (U(n)) * threshold -1 > Ufloor(n)
select LPF (b4, a4)

clse
select LPF (b3, a3);

end

Referring now to FIG. 5, shown 1s a block diagram of a
multipath noise mitigation controller 269. As seen, controller
269 may recerve various inputs, namely the RMS values for
the signal and noise values, as well as the noise floor value.
The controller may further receive additional thresholds to
use 1n processing. Based on the strengths of the signal and
noise RMS values, noise tloor value, and thresholds, an alpha
value may be determined and output to a limiter 272, which
may limit the amount of the control signal, e.g., based on a
maximum mute control input. In one embodiment, this con-
trol input may be at a predetermined value, and may be used
to control the maximum attenuation of the main path signal
(1.e., the output of high cut block 165 of FIG. 1). Then the
limited output, which may be in units of dB, may be converted
to a linear value 1n a converter 273. The output of converter
273 may be the alpha value that can be provided, in a direct
manner (1.e., &) and 1n an iverse manner (1.e., 1-a.) to the
parallel signal paths shown 1n FIG. 1. Table 3 below shows an
example of pseudo code implemented in controller 269 1n
accordance with an embodiment of the present invention.

TABLE 3

if (Utloor(n)) > threshold -2) &&

(Srms(n) * threshold -3 < Urms(n)) )

g mute dB(n)=g mute dB(n-1) - step_dB
else

g mute_dB(n) =g mute dB(n-1) + step_dB
end

In one embodiment, the value of g_mute may be initialized
at zero, and may be controllably incremented/decremented
by the step value (which in one embodiment may be between

10 dB/second and 1000 dB/second) based on the calculations
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performed. When a high level of ultrasonic noise 1s detected,
which indicates that audio signal quality 1s poor, the fixed
LPF filtered signal 1s switched into the data path quickly to
minimize noise impacts. In contrast, when the high frequency
noise level becomes weak and less dominating, a slow tran-
sition will put back the original signal to the audio path for
turther processing.

Referring now to FIG. 6, shown 1s a tlow diagram of a
method 1n accordance with one embodiment of the present
invention. Method 300 of FIG. 6 may be performed in a DSP
of a single chip radio receiver. As seen, method 300 may begin
by recetving a demodulated signal, a filtered demodulated
signal, and a noise signal (block 310). Specifically, control
circuitry for multipath noise mitigation may receive these
signals, all of which may be generated from the demodulated
signal. Specifically, the filtered demodulated signal may be a
high pass filtered version of the demodulated signal that can
be used 1n low signal-to-noise conditions. In addition, the
noise signal may be another filtered version of the demodu-
lated signal, e.g., via a bandpass or high pass filter.

Still referring to FIG. 6, next RMS values of the demodu-
lated signal and the noise signal may be estimated (block
320). The RMS values may be generated by obtaining abso-
lute values of the signals, and applying the signals through a
controllable bandwidth filter based on the level of the 1nstan-
taneous demodulated signal as compared to the RMS value of
the demodulated signal. Also, a noise tloor may be estimated
based on the noise signal (block 330). This noise floor may
also be determined using a controllable filter based on a
comparison of the istantaneous noise value and the noise
floor.

Then at block 340, a blend control signal can be generated
based on the RMS values and the noise floor. Specifically, the
noise floor value may be compared to a threshold, and a
thresholded version of the demodulated signal RMS value
may be compared to the noise signal RMS value and the blend
control signal 1s generated based on that comparison. Then
first and second path signals may be blended based on this
blend control signal (block 350). For example, with reference
back to FIG. 1, the main path signal output from high cut
block 165 may be combined with the parallel path signal
output from LPF 170. The amount of blending may be based
on the blend control signal. In one embodiment, the blend
control signal, o, may be multiplied with the main path output
and an mverse value of a. (1.e., 1-a.) may be multiplied with
the parallel path output. These two products may then be
combined, e.g., 1n a summer and then output for further pro-
cessing (block 365). For example, stereo decoding, volume
control and so forth may be performed before converting the
digital audio signal back to the analog domain for output from
a speaker or other output device. While shown with this
particular implementation 1n the embodiment of FIG. 6, the
scope of the present invention 1s not limited 1n this regard.

Embodiments may be implemented in many different
types of recetvers including receivers having a DSP-based
signal processor. Referring now to FIG. 7, shown 1s a block
diagram of a receiver in accordance with one embodiment of
the present invention. As shown in FIG. 7, receiver 400 may
be of a low-intermediate frequency (IF) recerver architecture.
In the embodiment of FIG. 7, recewver 400 1s coupled to
receive an RF signal via an antenna 420 that 1n turn 1s coupled
to a low noise amplifier (LNA)430. In turn, the RF signal may
be provided to mixers 430 and 430,. As seen 1n FIG. 7, the
receiver may have a complex signal architecture having sepa-
rate in-phase (I-phase) and quadrature (QQ-phase) phases,
such that separate paths for I and Q-phases are provided. This
1s realized by mixers 430, each of which mix the recerved RF
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signal with a local oscillator (LO) frequency at different
phases, namely 90° apart. In the embodiment of FIG. 7,
mixers 430 may mix the mncoming signal with a local oscil-
lator frequency to generate an IF signal. In various implemen-
tations, this IF signal may be between approximately 120 and

250 kilohertz (kHz). For example, in one embodiment, for
FM/AM/WB the IF signal can be fixed at 120 kHz, while for

high definition (HD) audio 1t can be fixed at 250 kHz,
although the scope of the present invention 1s not limited 1n
this regard.

Various analog processing may then be performed on the
IF signals. Specifically, each of the I and Q paths may include
a first LPF 435, a programmable gain amplifier (PGA) 440
and a second LPF 445. The resulting signal 1s then provided to
an analog-to-digital converter (ADC) 450, which converts the
analog IF signals to digital I and Q signals, which may then be
provided to a digital portion of the recerver. Note that while in
many implementations receiver 400 may be configured as a
single integrated circuit, e.g., a CMOS device configured on
a single semiconductor die, the scope of the present invention
1s not limited in this regard.

The digital information may be provided to a digital por-
tion of the receiver which may include a DSP 460 having a
digital front end 465 that may perform various digital pro-
cessing to prepare the signals for demodulation 1n a demodu-
lator 470, which may thus demodulate the signals and provide
demodulated data to a desired location. In addition, DSP 460
may include a stereo signal processor 475 that may perform
stereo and other processing on the demodulated signals. Such
processing may include multipath noise mitigation in accor-
dance with an embodiment of the present invention. While
shown with this particular implementation in the embodiment
of FIG. 7, the scope of the present invention 1s not limited 1n
this regard.

Embodiments may be implemented in many different
receivers, transceivers and so forth. In some implementations,
a radio recerver capable of both AM and FM receive modes,
among others, may implement embodiments of the present
invention. Referring now to FIG. 8, shown 1s a block diagram
of a multi-band receiver system 500 i accordance with an
embodiment of the present mvention. In one embodiment,
system 500 may be a mobile radio such as a car radio. As
shown 1in FIG. 8, a multimode combined AM/FM/WB
receiver 500 may be fabricated on a monolithic semiconduc-
tor die.

An incoming RF signal is received from an external recerve
antenna 580 through a LNA 382 controlled by an automatic
gain control (AGC) circuit 384. After processing, leit channel
(called “LOUT™) and right channel (called “ROUT"”") analog
stereo signals appear at output terminals 552 and 550, respec-
tively.

The multimode recerver 500 includes analog mixers 590
that are coupled to a tunable local oscillator 592, the fre-
quency of which selects the desired radio channel to which
the receiver 500 1s tuned. In response to the incoming RF
signal, the mixers 590 produce corresponding analog IF,
quadrature signals that pass through PGAs 594 belore being
routed to the ADCs 524 and 526. Thus, the ADCs 524 and 526
convert the analog IF quadrature signals from the PGAs 594
into digital signals, which are provided to a DSP 520.

The DSP 520 demodulates the recerved complex signals
and processes them as described above to provide corre-
sponding digital left and right channel stereo signals at its
output terminals; and these digital stereo signals are con-
verted into analog counterparts by DACs 532 and 536, respec-
tively, which are coupled to programmable gain amplifiers
534. A microcontroller unit (MCU) 398 may perform control
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operations for setting a mode of operation and control of
controllable features of the receiver.

While the present invention has been described with
respect to a limited number of embodiments, those skilled in
the art will appreciate numerous modifications and variations
therefrom. It 1s intended that the appended claims cover all
such modifications and variations as fall within the true spirit
and scope of this present invention.

What is claimed 1s:

1. An apparatus comprising:

a digital signal processor (DSP) to receive a digitized sig-
nal representative of an incoming radio frequency (RF)
signal and to demodulate the digitized signal and to
provide a digital audio output, the DSP including a first
path having a high cut circuit to filter the demodulated
signal and a second path having a low pass filter (LPF) to
filter the demodulated signal, and control logic to control
blending of the high cut circuit output and the LPF
output when multipath noise 1s present in the RF signal.

2. The apparatus of claim 1, wherein the control logic 1s
coupled to recerve the demodulated signal, a filtered version
of the demodulated signal, and a noise signal and to generate
a blend control signal, wherein the blend control signal 1s to
control blending of the high cut circuit output and the LPF
output.

3. The apparatus of claim 2, wherein the control logic
includes a first circuit to generate an average value of the
demodulated signal and the noise signal, wherein the first
circuit includes a first controllable filter to filter the demodu-
lated signal to obtain the average value of the demodulated
signal and a second controllable filter to filter the noise signal
to obtain the average value of the noise signal, wherein a
bandwidth of the first and second controllable filters 1s based
on a comparison between the average value of the noise signal
and the noise signal.

4. The apparatus of claim 3, wherein the bandwidth 1s set at
a first value 11 the noise signal 1s less than the average value of
the noise signal and the bandwidth 1s set at a second value 1t
the noise signal 1s greater than the average value of the noise
signal, wherein the first value 1s less than the second value.

5. The apparatus of claim 2, wherein the control logic
includes a second circuit to generate a noise tfloor based on the
noise signal, wherein the second circuit includes a control-
lable filter to filter the noise signal to obtain the noise tloor,
wherein a bandwidth of the controllable filter 1s based on a
comparison between the noise floor and a thresholded noise
signal.

6. The apparatus of claim 5, wherein the bandwidth of the
controllable filter is set at a first value if the thresholded noise
signal 1s greater than the noise floor and at a second value 11
the thresholded noise signal 1s less than the noise floor,
wherein the first value 1s less than the second value.

7. A method comprising;

estimating a RMS value of a demodulated signal and a
noise signal, both obtained from a radio frequency (RF)
signal recerved by a radio recerver;

estimating a noise floor based on the noise signal;

generating a blend control signal based on the RMS values
and the noise floor; and

blending a first path signal and a second path signal based
on the blend control signal to obtain a blended signal.

8. The method of claim 7, further comprising outputting the
blended si1gnal for further processing.

9. The method of claim 7, further comprising not blending,
the second path signal with the first path signal if multipath
noise 1s not detected.
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10. The method of claim 7, further comprising filtering the
first path signal with a controllable filter having a variable
bandwidth before the blending and filtering the second path
signal with a filter having a fixed bandwidth betfore the blend-
ing, wherein the first path signal and the second path signal
are obtained from the demodulated signal.

11. The method of claim 10, further comprising determin-
ing an absolute value of the demodulated signal, multiplying
the absolute value with a first controllable coellicient to
obtain a first product and adding the first product to a second
product of a stored sample value and a second controllable
coellicient, and outputting the sum as the RMS value of the

demodulated signal.
12. The method of claim 7 wherein generating the blend

control signal includes:

determining whether the noise tloor 1s greater than a first
threshold and whether the RMS value of the demodu-
lated signal 1s greater than the RMS value of the noise
signal; and

11 so, decrementing the blend control signal, otherwise

incrementing the blending control signal.

13. A system comprising:

an antenna to recerve a radio frequency (RF) signal; and

a radio receiver coupled to the antenna to receive and

process the RF signal to output an audio signal, the radio

receiver including:

an analog front end to receive the RF signal and down-
convert the RF signal to a baseband signal;

an analog-to-digital converter (ADC) to convert the
baseband signal to a digitized signal; and

a digital signal processor (DSP) to receive and demodu-
late the digitized signal and to provide a digital audio
output, the DSP having parallel paths including a first
path to filter the demodulated signal with a variable
bandwidth and a second path to filter the demodulated
signal with a fixed bandwidth, and a controller
coupled to the parallel paths to control blending of the
first and second paths when multipath noise 1s present
in the RF signal.

14. The system of claam 13, wherein the DSP further
includes:

a first multiplier to multiply a signal of the first path with a

first control value;

a second multiplier to multiply a signal of the second path

with a second control value; and

a combiner to combine outputs of the first and second

multipliers.

15. The system of claim 14, wherein the controller 1s
coupled to receive the demodulated signal, a filtered version
of the demodulated signal, and a noise signal and to generate
the first control value and the second control value, based at
least in part thereon.

16. The system of claim 15, wherein the controller includes
a first circuit to generate an average value of the demodulated
signal and the noise signal, wherein the first circuit includes a
first controllable filter to filter the demodulated signal to
obtain the average value of the demodulated signal and a
second controllable filter to filter the noise signal to obtain the
average value of the noise signal, wherein a bandwidth of the
first and second controllable filters 1s based on a comparison
between the average value of the noise signal and the noise
signal.

17. The system of claim 16, wherein the controller includes
a second circuit to generate a noise floor based on the noise
signal, wherein the second circuit includes a controllable
filter to filter the noise signal to obtain the noise tloor, wherein
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a bandwidth of the controllable filter 1s based on a comparison
between the noise floor and a thresholded noise signal.

18. The system of claim 13, wherein the controller 1s to
estimate a RMS value of the demodulated signal and a noise
signal, estimate a noise tloor based on the noise signal, and
generate a blend control signal based on the RMS values and

5
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the noise tloor, the blend control signal to be used to control
the blending of the first and second paths.
19. The system of claim 13, wherein the DSP 1s to not blend

the first and second paths 1f multipath noise 1s not detected.
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